In measles virus (MV) infection in humans, meninigitis and encephalitis are important complications. However, little is known of the pathogenesis of MV encephalitis, in particular about the role of the immune response. We have examined the role of cytotoxic T lymphocytes (CTL) in a mouse model of MV-induced encephalitis. We report here that the resistance of inbred strains of mice to MV-induced encephalitis correlated with the major histocompatibility complex (MHC) haplotype and that only resistant mouse strains mounted an effective CTL response to MV. Mice with low susceptibility to MV infection, such as the BALB/c strain (H-2"), generated CTL, whereas the highly susceptible strains, C3H (H-2k) and C57BV6 (H-2?), revealed very poor CTL responses. MV-induced CTL were usually CD8+, and the generation of these cells was independent of the route of inoculation or the time postinfection. CD4+ T cells were generally only weakly Iytic. The nudeocapsid protein was the major target antigen for CTL in BALB/c mice, although in some experiments the hemagglutinin was also recognized. CTL from C3H and C57BIJ6 mice did not lyse MV-infected target cells. However, targets infected with vaccinia virus recombinants expressing the nucleocapsid protein or bemagglutinin were lysed, but levels of cytotoxicity were still low. Experiments using target cells transfected with single MHC class I genes suggested inefficient antigen presentation of MV proteins by the MHC molecules of the H-2 and H-2? haplotypes.
Acute measles virus (MV) infection is among the primary causes of infant death in the third world, and sporadic outbreaks of acute measles still occur in industrialized countries despite vaccination (7) . MV is also associated with three central nervous system diseases known as postinfectious MV encephalitis (19) , MV inclusion body encephalitis and subacute sclerosing panencephalitis (39) . In the latter two diseases, MV persistence provides the basis for the development of disease, which is characterized by a restricted expression of MV envelope proteins (2, 6, 23) on the membranes of brain cells, as a result of which the humoral immune response is incapable of influencing the persistent infection.
In other viral infections, clearance of infected tissue is dominated by cytotoxic T lymphocytes (CTL) of the CD8+ phenotype (1, 21, 49) . CTL can clear not only infected organs at the periphery but also viral infections in the central nervous system (30, 31) . In MV infection, the role of this defense mechanism has been controversial and evidence for CD4+ as well as CD8+ T lymphocytes as CTL has been presented (18, 43, 44 Virus. The rodent-adapted neurotropic MV strain CAM/ RBH was grown and used as described previously (25) . The MV Edmonston strain was grown in Vero cells, and for the stimulation of CD4+ T cells it was purified and UV inactivated as described previously (24) . Vaccinia virus recombinants (VVR) expressing single MV genes were constructed and grown as reported previously (3, 4 
RESULTS
Susceptibility of mice to MV-induced encephalitis is correlated with MHC. Different inbred strains of mice were infected intracerebrally with MV. Susceptible strains exhibited clinical signs of encephalitis and died between days 8 and 16 postinfection (Table 1) . BALB/c and DBA/2 mice (H-2Y) demonstrated a low level of susceptibility to MVinduced encephalitis, whereas CBA, C3H (H-2k), and C57BL/6 (H-2") mice are highly susceptible. The susceptibility of mice to infection could be shown to correlate with the MHC by infecting congenic inbred strains such as BALB/k (H-2) and BALB/b (H-2') (both highly susceptible) and B1OD2/N (H-2d) (poorly susceptible). Neutralizing antibodies did not seem to influence disease, because a significant titer could be demonstrated only from day 20 postinfection (data not shown). These differences in susceptibility to MV-induced encephalitis between MHC haplotypes are statistically significant. H-2" strains are more susceptible than H-2d strains (P < 0.001), and H-2! strains are in turn more susceptible than H-2' strains (P < 0.05; chi-square test with correction for continuity).
Generation of MV-specific CD4+ and CD8+ T cells. The correlation between the susceptibility to MV-induced encephalitis in mice and the CTL activity of the different strains was investigated. Following viral infection, spleens from BALB/c mice were removed and stimulated with irradiated spleen cells, which acted as antigen-presenting cells for inactivated MV. After a 7-day period of incubation, CD4+ T cells were obtained. CD8+ T cells could be grown by stimulation with MV-infected spleen cells (data not shown). CD4+ as well as CD8+ T cells could be demonstrated in intracerebrally or intraperitoneally inoculated animals from 1 week after infection and up to 3 months after infection (data not shown). As shown in Fig. 1 (Fig.  3 ). This level of lysis was quite low compared with that obtained with BALB/c CTL (Fig. 2) . The antigen-specific recognition could be enhanced by using L cells transfected with ICAM1 (Fig. 3) . To exclude the possibility that inefficient CTL induction was due to poor viral replication in infected mice, C3H mice were infected with VacN, since vaccinia virus is known to replicate vigorously in mice. Spleen cells from these mice were stimulated with MVinfected stimulator cells. After two cycles of stimulation, there was still a significant CTL response towards wild-type vaccinia virus (VacWT). These CTL did not lyse MVinfected targets (Fig. 4) mine whether the inefficient generation of MV-specific CTL in C3H mice is due to poor antigen presentation by MHC class I molecules per se or possibly to defective processing of antigen, since several components of the antigen processing machinery are now known to be encoded in the MHC region of the genome. To address differences in the genetic background, BALB/c and C3H mice were crossbred and the resulting F1 generation was used as a source of MV-CTL and of fibroblasts as target cells. MV-CTL taken from F1 animals lysed only MV-infected P815 (H-2) cells, not L929 (H-2) cells (Fig. 5) . F1 fibroblasts were lysed by BALB/c CTL but not by C3H CTL (data not shown). These experiments suggested that impaired antigen presentation rather than defective antigen processing resulted in an inefficient generation of CTL. This view was confirmed by the experimental finding that MV-infected L cells (H-2k) transfected with Ld were readily lysed by BALB/c CTL (Fig. 6) .
Impaired CTL are seen in other susceptible mouse strains as well. If the impaired antigen presentation played a major role in the susceptibility to MV-induced encephalitis, other susceptible strains should show the same poor CTL response.
To test this hypothesis, CBA (H-2'y) and C57BL/6 (H-2b) mice were tested. MV-CTL in CBA mice showed the same poor response as C3H CTL (data not shown). MV-CTL from C57BL/6 mice also did not lyse target cells infected with MV but recognized targets infected with VacH weakly (Fig. 7) . This phenomenon could be shown to be independent of the target cell antigen processing machinery with transfected P815 cells. P815-Db cells infected with VacH were lysed weakly by MV-CTL, whereas MV was not recogized (Fig.  7) . The lysis was restricted to the Db molecule, since P815-Kb cells were not recognized.
The impaired CTL response is also seen in other highly susceptible mouse strains that succumb to MV-induced encephalitis and seems to be a more general mechanism of escape from CTL surveillance by MV. (33) .
An impaired CTL function has been demonstrated in other viral systems. Adenovirus has been shown to interfere with the processing of MHC class I mRNA and the glycosylation of MHC class I molecules (42) . As a consequence, infected cells do not express MHC class I molecules (5) and cannot be recognized by influenza A virus-specific CGL (50) . In simian virus 40-transformed fibroblasts, reduced MHC expression is correlated with in vivo resistance to immune surveillance (13) . Epstein-Barr virus downregulates MHC expression (27) and the number of the adhesion molecules ICAM1 and LFA3 on the cell surface (15) , which resulted in escape from CTL surveillance. But these observations seem to depend on the virus substrain and the experimental conditions, because contradictory findings have been reported (16) . An interesting observation of inefficient antigen processing was seen with a VVR expressing the hemagglutinin of influenza A virus (40) (11) .
The immunodominant very early protein pp89 is recognized in the very early and late phases of protein expression but not in the early phase despite its expression during the whole replication cycle. The CTL response towards other viral proteins is not impaired, and the MHC class I expression is normal. An undefined mechanism interferes with antigen processing or presentation.
To date, there is no evidence that antigen processing is a nonrandom (e.g., antigen-specific) process; it can be mimicked chemically by proteolysis (37) or enzymatically with proteases (46) . The putative peptide transporter molecules (8, 38) seem to be able to transport a wide variety of antigenically unrelated peptides into the endoplasmic reticulum (29) . After transfection of a certain MHC class I molecule into mouse cell lines of different inbred strains, the appropriate peptide was generated in each cell line (12) . Also, mice transgenic for a human MHC class I molecule produce and transport, after influenza virus infection, the same peptide as human cells (47) While antigen processing and transport appear to be nonspecific, a large amount of available data indicates that the binding and presentation of a certain epitope (peptide) is entirely dependent on the MHC class I molecules. MHC class I molecules choose the appropriate nonameric peptide from a mixture of peptides of different sizes (35, 36) , independently of cell type and species (12, 47) . In.the murine cytomegalovirus system, it could be shown that a nonameric peptide expressed as a hybrid protein (with an unrelated viral protein) by a WR was recognized by CTL (10) . The specific interaction between the peptide and the MHC class I molecule was explained by the finding that peptides binding to a certain allele share a simple binding motif (34) . Crucial for the binding are two conserved amino acids at a certain position; the others influence the binding to a much lesser extent.
Despite the fact that MHC class I molecules are responsible for the nonrecognition of MV-infected targets by CTL, the following question remains: why is MV able to induce a proliferation of T cells which lyse VacN-or VacH-infected cells but not MV-infected ones? An explanation might be that the affinity of the immunodominant MV-derived peptide is very low and that therefore only few MHC-peptide complexes are expressed at the cell surface. The number of such complexes required for CD4+ T-cell proliferation was shown to be small (a few hundred) (17) . The number of MHC class I-peptide complexes on MV-infected cells might be large enough to induce a low level of CTL proliferation in C3H and C57BU6 mice but too small to induce lysis. VVRinfected cells express more MV protein than do MV-infected cells (unpublished observation). As a consequence, at a higher peptide concentration enough occupied MHC class I molecules might be exhibited at the cell surface to induce a low level of lysis. The number of MHC class I molecules that have to be occupied by a certain peptide in order to induce a lysis is not totally clarified. Although a few thousand MHC class I-peptide complexes per cell have been found (45) , only a few hundred seem to be sufficient to induce lysis (9, 48) . It is possible that the number of MHC class I-peptide complexes needed for lysis varies on the basis of the cell type. Further studies will have to investigate the affinity between the MV-derived peptides and the MHC class I molecules in question. Our data show that, in the MV-mouse model, MHC class I-restricted CTL play a prominent role in MV infection and suggest that the susceptibility to MV-induced encephalitis is due to inefficient CTL induction caused by an impaired antigen presentation.
